The c-Abl tyrosine kinase is present in mouse brain synapses, but its precise synaptic function is unknown. We found that c-Abl levels in the rat hippocampus increase postnatally, with expression peaking at the first postnatal week. 
Introduction
The postsynaptic density protein-95 (PSD-95) is one of the most abundant proteins present at excitatory postsynaptic sites in the CNS (Cho et al., 1992; Kistner et al., 1993) . PSD-95 binds other postsynaptic molecules, including NMDA receptors and signaling molecules (Kim and Sheng, 2004) . This scaffolding protein is the earliest detectable protein in the PSD and is involved in the maturation of excitatory synapses (Rao et al., 1998; El-Husseini et al., 2000a; Friedman et al., 2000; Prange and Murphy, 2001; Kim and Sheng, 2004) . Therefore, regulation of PSD-95 synaptic clustering during development is likely essential for proper synapse formation. Previous studies indicate that posttranslational modifications, such as palmitoylation (Craven et al., 1999; El-Husseini et al., 2000b) and Ser/Thr phosphorylation (Morabito et al., 2004; Sabio et al., 2004; Soto et al., 2004; Gardoni et al., 2006; Kim et al., 2007) , control the dynamic recruitment of PSD-95 at the synapse. Recently, it has been suggested that tyrosine phosphorylation could be an additional mechanism for PSD-95 regulation (Du et al., 2009) .
Growing evidence has revealed that Abl family tyrosine kinases play important roles in development of the CNS . c-Abl belongs to the Abl family and has been implicated in different neuronal processes, including neurulation and neurite outgrowth (Koleske et al., 1998; Lanier and Gertler, 2000; Zukerberg et al., 2000; Woodring et al., 2002; Jones et al., 2004) . In addition, c-Abl has been implicated in neurodegenerative diseases, in which c-Abl activation has a central role in signal transduction pathways underlying pathogenesis of Alzheimer and Niemann Pick diseases (Alvarez et al., 2004a Cancino et al., 2008) . In adult mice, c-Abl is localized in the synaptic compartments . Electrophysiological studies in c-Abl Ϫ/Ϫ mice have shown that c-Abl is required for the regulation of neurotransmitter release at Schaffer collateral-CA1 synapses . Evidence for postsynaptic structure requirement of c-Abl has been reported during synapse formation at the neuromuscular junction (Finn et al., 2003) . Additionally, c-Abl has been involved in NMDA receptor regulation downstream to PDGF␤ receptor in hippocampal slices (Beazely et al., 2008) . However, the specific role of c-Abl at postsynaptic structures in CNS is unknown. It has been reported that c-Abl interacts with Src kinases and phosphorylation by Src lead to enhanced c-Abl activity (Tanis et al., 2003; Chen et al., 2008) . Interestingly, evidence shows that Src/Fyn modulates the PSD-95 tyrosine phosphorylation, and it has been suggested that this phosphorylation contributes to the facilitating effect of PSD-95 on NMDAmediated currents (Du et al., 2009 ). Therefore, it is possible that c-Abl could contribute to the PSD-95 regulation and consequently modulate postsynaptic development and function.
We evaluated whether c-Abl kinase is a novel posttranslational modulator of PSD-95 clustering. We established that c-Abl activity is important for synaptic contact establishment and for PSD-95 clus-tering in vitro and in vivo. Moreover, c-Abl phosphorylates PSD-95 at tyrosine 533. Our results demonstrate that c-Abl acts as an PSD-95 modulator and show for the first time that tyrosine phosphorylation plays a role in the PSD-95 clustering.
Materials and Methods
Primary culture of rat hippocampal neurons. Rat hippocampal cultures were prepared as described previously with some modifications (Alvarez et al., 2004b; Kaech and Banker, 2006) . Hippocampi from Sprague Dawley rats at embryonic day 18 were removed, dissected free of meninges in Ca 2ϩ /Mg 2ϩ -free HBSS, and rinsed twice with HBSS by allowing the tissue to settle to the bottom of the tube. After the second wash, the tissue was resuspended in HBSS containing 0.25% trypsin and incubated for 15 min at 37°C. After three rinses with HBSS, the tissue was mechanically dissociated in plating medium (DMEM; Invitrogen), supplemented with 10% horse serum (Invitrogen), 100 U/ml penicillin, and 100 g/ml streptomycin by gentle passage through Pasteur pipettes. Dissociated hippocampal cells were seeded onto poly-L-lysine-coated six-well culture plates at a density of 7 ϫ 10 5 cells per well in plating medium. Cultures were maintained at 37°C in 5% CO 2 for 2 h before the plating medium was replaced with Neurobasal growth medium (Invitrogen) supplemented with B27 (Invitrogen), 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. At day 2, cultured neurons were treated with AraC 2 M for 24 h; this method resulted in cultures highly enriched for neurons (ϳ5% glia). For hippocampal cultures from c-Abl Ϫ/Ϫ mice, we used the ablm2 mutant (Tybulewicz et al., 1991) because it is a true Abl protein null. Each Abl Ϫ/Ϫ mouse was matched with a wild-type (WT) embryo control.
Immunofluorescence. Hippocampal neurons were seeded onto poly-Llysine-coated coverslips in 24-well culture plates at a density of 2.5 ϫ 10 4 cells per well. Cells were rinsed twice in ice-cold PBS, fixed with a freshly prepared 4% paraformaldehyde/4% sucrose in PBS for 20 min, and permeabilized for 5 min with 0.2% Triton X-100 in PBS. After several rinses in ice-cold PBS, cells were incubated in 0.2% gelatin in PBS (blocking solution) for 30 min at room temperature, followed by an overnight incubation at 4°C with primary antibodies. The cells were extensively washed with PBS and then incubated with Alexa-conjugated secondary antibodies (Invitrogen) 30 min at 37°C. The cells were mounted in mounting medium and analyzed by confocal microscopy. Primary antibodies (Santa Cruz Biotechnology) used were as follows: mouse anti-c-Abl, rabbit anti-glutamate receptor 1 (GluR1), rabbit anti-microtubule-associated protein 2 (MAP2), rabbit anti-synapsin I (Syn I), and goat anti-synaptic vesicle protein 2 (SV2). The monoclonal antibodies anti-PSD-95, anti-NR2B, anti-pan-SHANK (SH3 and multiple ankyrin repeat domain protein), and anti-vesicular glutamate transporter 1 (vGLUT1) was developed by and obtained from the University of California, Davis/ National Institutes of Health (NIH) NeuroMab Facility, supported by NIH Grant U24NS050606 and maintained by the Department of Neurobiology, Physiology, and Behavior, College of Biological Sciences, University of California, Davis.
Confocal images of neurons were obtained using a Carl Zeiss 633 (numerical aperture 1.4) objective with sequential acquisition settings at the maximal resolution of the confocal (1024 ϫ 1024 pixels). The confocal microscope settings were kept the same for all scans when fluorescence intensity was compared. All measurements were performed using NIH ImageJ software.
Subcellular fractionation. For postsynaptic density (PSD) isolation, the method of Carlin et al. (1980) was slightly modified. Briefly, the telencephalon of 10 male Sprague Dawley rats were dissected, cut, and homogenized on ice in 8 ml of homogenization buffer (0.32 M sucrose, 0.5 mM EGTA, and 5 mM Tris, pH 7.4), using 12 strokes with a 40 ml Tissue Grind Potter with Teflon Pestle (Thomas Scientific). Subsequent fractionation followed the procedures described previously (Wyneken et al., 2001) . Then, the telencephalon homogenate was centrifuged at 1000 ϫ g for 10 min at 4°C, and the supernatant (S1) was saved. The pellet (P1) was washed, manually homogenized, and centrifuged at 1000 ϫ g for 10 min at 4°C. The pellet (P2) was discarded, and the supernatant (S2) was mixed with S1. S1 plus S2 were centrifuged at 12,000 ϫ g for 20 min at 4°C. The pellet (P3) was saved and rinsed with solution A (0.32 sucrose, 5 mM Tris-HCl, pH 8.1, 0.5 mM EGTA, and 1 mM dithiotreitol). Then, the P3 was manually homogenized with a 17 ml Tissue Grind Potter with Teflon Pestle (Thomas Scientific), layered on a discontinuous sucrose step gradient (0.32 M, 1 M, and 1.2 M sucrose in 5 mM Tris-HCl, pH 8.1), and centrifuged at 150,000 ϫ g using the for 2 h at 4°C. The synaptosome 1 (S1) fraction was isolated from 1 to 1.2 M sucrose gradient and diluted 10 times with the lysis buffer (5 mM Tris-HCl, pH 8.1, and 0.5 mM EGTA). Lysis was performed by incubating and gently mixing the lysis buffer with S1 in ice for 30 min. Then synaptosome 1 was centrifuged at 33,000 ϫ g for 30 min. The pellet (P4) was saved, resuspended in 3 ml of solution A, and manually homogenized. Then P4 was layered on a discontinuous sucrose step gradient (0.32 M, 1 M, and 1.2 M sucrose in 5 mM Tris-HCl, pH 8.1) and centrifuged at 250,000 ϫ g for 1 h at 4°C. The fraction of synaptosome 2 was obtained from 1 and 1.2 M fractions. S2 was saved and diluted with 8 vol of 0.32 M sucrose, 0.025 mM CaCl 2 , 1% Triton X-100, 2 mM DTT, and 10 mM Tris-HCl, pH 8.1. S2 fraction was gently mixed in this buffer and centrifuged at 33,000 ϫ g for 30 min at 4°C. The pellet (P5) is the PSD fraction. It was saved and washed with 50 mM HEPES, pH 7.4. The PSDs were centrifuged at 250,000 ϫ g for 10 min at 4°C, and the pellet was resuspended in 50 mM HEPES, pH 7.4. The PSD fraction was frozen in liquid nitrogen and stored at Ϫ80°C. Protein concentration in the PSD fraction and total telencephalon homogenate samples was determined by the BCA method. The PSD and total homogenate samples were diluted 1:1 with loading buffer and heated at 100°C for 5 min. Then, 20 and 40 g of protein, respectively, were loaded on a 10% SDS-PAGE, separated by electrophoresis, and electrotransferred to polyvinylidene difluoride (PVDF) membrane.
Immunoblot analysis. Treated cells were washed with ice-cold PBS and immediately lysed with radioimmunoprecipitation assay (RIPA) buffer containing (50 mM Tris, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 0.5% deoxycholate, 1% NP-40, and 0.1% SDS) supplemented with protease inhibitors (1 mM PMSF, 1 g/ml aprotinin, 10 g/ml leupeptin, 1 mM Na3VO4, and 50 mM NaF). The homogenates were maintained in ice for 30 min and then were centrifuged at 1000 ϫ g for 5 min. The supernatant was recovered, and protein concentration was determined by BCA protein assay kit (Pierce). Proteins were resolved in SDS-PAGE (10% polyacrylamide), transferred to PVDF membrane, and reacted with primary antibodies. The reactions were followed by incubation with secondary antibodies peroxidase labeled (Pierce) and developed using the ECL technique (PerkinElmer Life and Analytical Sciences). Primary antibodies were the same used for immunofluorescence in addition to rabbit anti-␤-tubulin, rabbit anti-N-cadherin, rabbit anti-Syn I, mouse antiGluR1, rabbit anti-NMDA receptor subunit 1 (NR1) (Santa Cruz Biotechnology), and mouse anti-vGLUT1 (University of California, Davis/ NIH NeuroMab Facility).
Coimmunoprecipitation assay. Protein extract was obtained from hippocampal cultures lysed in RIPA buffer containing a mixture of protease and phosphatase inhibitors. Adult rat brains were lysed in RIPA buffer, and immunoprecipitations were performed using anti-PSD-95 and antic-Abl antibody. HEK293 cells were lysed in RIPA buffer, and immunoprecipitations were performed from transfected HEK293 cells with PSD-95 and c-Abl plasmids. Complexes were isolated using protein A or protein G Sepharose. Tissue and cell lysates were separated by SDS-PAGE, transferred to PVDF membranes (Fisher Thermo Scientific), and immunoblotted with phosphotyrosine (pTyr) antibody (Millipore Bioscience Research Reagents), anti-PSD-95, and anti-c-Abl antibody.
Neuronal transfection. Neurons were transfected using LipofectAMINE 2000 (Invitrogen) 2 d after seeding on 24-well (coverslips) or six-well culture plates at a density of 4 ϫ 10 4 or 1 ϫ 10 6 cells per well, respectively. Briefly, DNA and Lipofectamine 2000 were mixed in OptiMEM (Invitrogen) according to the instructions of the manufacturer. After 20 min, the DNA-Lipofectamine 2000 Reagent complex was added to the cells. Neurons were incubated at 37°C, and then the media were replaced with Neurobasal growth medium (Invitrogen) supplemented with B27 (Invitrogen), 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin.
HEK293 transfection. Cells seeded on six-well culture plates at a density of 70% were transfected using LipofectAMINE 2000 (Invitrogen), ac-cording to the instructions of the manufacturer. HEK293 were incubated with DNA-LipofectAMINE 2000 at 37°C, and the media were replaced with DMEM (Invitrogen) supplemented with FBS (Hyclone Laboratories), 100 U/ml penicillin, and 100 g/ml streptomycin. Cells were harvested 36 h after transfection and lysed.
In vitro phosphorylation assay. Kinase assay mixtures contained 25 mM HEPES, pH 7.25, 100 mM NaCl, 5 mM MgCl 2 , 5% glycerol, 100 ng of bovine serum albumin/l, 1 mM sodium orthovanadate, and 10 nM c-Abl kinase. Abl was purified to Ͼ90% purity as described previously (Tanis et al., 2003) . After a 5 min preincubation at 30°C, 25 l reactions were initiated by the addition of 500 nM glutathione S-transferase (GST)-PSD-95 or GST-CrkII, 5 M ATP, and 0.5 Ci of [␥-32 P]ATP. As negative controls of phosphorylation, we used c-Abl kinase denatured by heat and c-Abl kinase incubated with 500 nM STI571 during the reactions. c-Abl incubated with 0.5 Ci of [␥-32 P]ATP without a substrate was used for normalization. All reaction mixtures were incubated at 30°C for different periods of time, and the reaction mixtures were stopped on phosphocellulose P81 paper (Whatman) and washed three times with 0.75% v/v phosphoric acid. Alternatively, the reactions were terminated by the addition of ice-cold SDS sample buffer and were resolved by SDS-PAGE. The gels were dried and were exposed for autoradiography and quantified using a Molecular Dynamics PhosphorImaging system and ImageQuant software.
Site-directed mutagenesis. PSD-95 mutants were generated by PCR using the proofreading Pfu polymerase (Promega), followed by DpnI digestion of the methylated parental plasmid. Oligonucleotides used were as follows: Y255Asense, 5ЈGAGTGACAGCGCTGCTCCCCC-AG; Y255A antisense, 5ЈCTGGGGGAGCAGCGCTGTCACTC; Y533A sense, 5ЈGGAAGTGCACGCTGCTCGTCCCA; Y533A antisense, 5ЈTGGGACGAGCAGCGTGCACTTCC. Each clone was verified by automated sequencing.
Statistical analysis. Mean and SE values and the number of experiments are indicated in each figure. Statistical analysis was performed by one-way ANOVA, followed by Student's t test using SigmaPlot (version 9.0).
Results

c-Abl is present in synaptic sites in cultured hippocampal neurons
An increase in the clustering of synaptic proteins such as PSD-95 and SHANK has been observed in hippocampal neurons at 12-14 d in vitro (DIV) (Gerrow et al., 2006) . We analyzed c-Abl distribution in 14 DIV hippocampal neurons to investigate its potential synaptic role. We found that c-Abl is broadly distributed in neurons and shows a punctate staining in neuronal processes ( Fig. 1 A) . To test whether c-Abl is present at synaptic sites in cultured neurons, we examined the colocalization with the presynaptic marker Syn I. As observed in Figure 1 B, at 14 DIV, c-Abl clusters are apposed closely to Syn I puncta, suggesting that this kinase is mainly distributed postsynaptically ( Fig. 1 B) as reported previously in hippocampal Schaffer collateral-CA1 synapse . To further evaluate this, we transfected the construct green fluorescent protein (GFP)-c-Abl-WT, and the colocalization with Syn I or the postsynaptic scaffold protein PSD-95 was analyzed. Along the dendritic shaft, we observed that GFP-c-Abl-WT clusters colocalize with PSD-95 puncta in close apposition to Syn I (Fig. 1C) . Application of the intensity correlation analysis plug-in (NIH ImageJ software) on data from confocal images for each synaptic marker on hippocampal neurons transfected with GFP-c-Abl-WT allowed a quantitative description of the presynaptic and postsynaptic colocalization patterns. The Mander's overlap coefficient ( R) shows that c-Abl distribution presents a higher overlap degree with PSD-95 rather than Syn I (R PSD-95 ϭ 0.6343 Ϯ 0.01 vs R Syn I ϭ 0.3517 Ϯ 0.02). Additionally, this was supported by Mander's colocalization coefficients, which indicates that the c-Abl immunostaining presents a higher colocalization with PSD-95 than with Syn I (M1 c-Abl-WT/PSD-95 ϭ 0.9187 Ϯ 0.01; M1 c-Abl-WT/Syn I ϭ 0.3147 Ϯ 0.01). These results strongly suggest that c-Abl is mainly localized on postsynaptic structures. However, we cannot rule out the possible presence of this kinase on the presynaptic region. 
c-Abl modulates the synaptic contact number and PSD-95 clustering
The possible role of c-Abl in synaptic structure was evaluated in 14 DIV neurons by treatment with STI571, an inhibitor of the c-Abl kinase activity (Corbin et al., 2002) . We evaluated the number of synaptic contacts, identified by PSD-95/Syn I or PSD-95/ SV2 coclusters along the neuronal projection ( The decrease in synaptic contact number could be a consequence of a presynaptic or postsynaptic effect of STI571 or both. To address this, we evaluated the total number of clusters per neurite length, the density of synaptic clusters, and the mean cluster area of presynaptic and postsynaptic markers separately. As shown in Figure 2 , B and C, STI571 treatment did not significantly decreased the total clusters density (control, 8.6 Ϯ 0.7/10 m neurite; STI571, 7.6 Ϯ 0.5/10 m neurite), synaptic cluster density (control, 0.68 Ϯ 0.07; STI571, 0.62 Ϯ 0.03), or cluster area of Syn I (control, 1 Ϯ 0.11; STI571, 1.02 Ϯ 0.10). Neither were affected by STI571 total cluster number (control, 8.7 Ϯ 0.8/10 m neurite; STI571, 8.1 Ϯ 1.2/10 m neurite), synaptic cluster density (control, 0.56 Ϯ 0.03; STI571, 0.49 Ϯ 0.08), or the clusters area of SV2 (control, 1 Ϯ 0.06; STI571, 1.12 Ϯ 0.06). Moreover, we analyzed the presynaptic vGLUT1 that is subject to differential regulation during development on glutamatergic synapse (Boulland et al., 2004) . STI571 treatment did not alter the number of vGLUT1 clusters per neurite length (control, 11.21 Ϯ 0.43/10 m neurite; STI571, 11.23 Ϯ 0.85/10 m neurite) or the cluster area (control, 1 Ϯ 0.09; STI571, 1.06 Ϯ 0.06) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). In the postsynaptic region, the effect of STI571 on PSD-95 clustering was evaluated (Fig. 2C) . STI571 induced an ϳ30% reduction in PSD-95 total cluster number per neurite length (control, 9.2 Ϯ 0.6/10 m neurite; STI571, 6.6 Ϯ 0.3/10 m neurite; p Ͻ 0.001) and ϳ22% reduction in synaptic PSD-95 cluster density (control, 0.66 Ϯ 0.05; STI571, 0.51 Ϯ 0.03; p Ͻ 0.01). In an attempt to determine whether the amount of PSD-95 in the remaining clusters is diminished in the presence of STI571, the area of PSD-95 clusters was evaluated. As shown in Figure 2C , the cluster area decreased ϳ30% in STI571-treated neurons (STI571, 0.71 Ϯ 0.04 relative to control). In addition, hippocampal neurons were transfected with the construct coding for PSD-95-GFP, which allowed us to analyze PSD-95 clusters on isolated neurons (Fig. 2 D) . In 14 DIV transfected neurons, treatment with 1 M STI571 for 24 h significantly decreased the number of PSD-95-GFP clusters per neurite length (37.10 Ϯ 2.3% decrease; p Ͻ 0.001). These results suggest that c-Abl inhibition affects the postsynaptic region.
To determine whether other scaffold proteins are also affected by STI571 treatment, we analyzed total SHANK cluster density and area. SHANK is one of the most abundant proteins in the postsynaptic density and is important for the structural and func- tional organization of the dendritic spine (Sala et al., 2001) . We determined that STI571 treatment did not affect SHANK clusters (number of clusters: control, 4.14 Ϯ 0.31/10 m neurite; STI571, 3.77 Ϯ 0.85/10 m neurite; cluster area: control, 1 Ϯ 0.09; STI571, 1.10 Ϯ 0.07) (supplemental Fig. 2 A, available at www. jneurosci.org as supplemental material). In addition, we evaluated whether c-Abl activity modulates dendritic spines, which were visualized with fluorescent phalloidin (supplemental Fig.  2 B, available at www.jneurosci.org as supplemental material). No significant differences were observed in dendritic spine number per neurite length between control versus STI571-treated neurons (control, 8.19 Ϯ 0.43/10 m; STI571, 8.56 Ϯ 0.52/10 m). These results suggest that c-Abl activity specifically modulates PSD-95 clustering and not the general structure of the postsynaptic compartment.
It has been widely described that PSD-95 regulates the insertion and retention of AMPA receptor at the synapse (El-Husseini et al., 2000a; Schnell et al., 2002; Ehrlich and Malinow, 2004) . Therefore, we evaluated the effect of STI571 on the AMPA receptor subunit 1 (GluR1) clustering and determined an almost 23% reduction in GluR1 cluster density in neurons treated with 1 M STI571 for 24 h (control, 5.18 Ϯ 0.37/10 m neurite; STI571, 4.02 Ϯ 0.35/10 m neurite; p Ͻ 0.05) (supplemental Fig. 2C , available at www.jneurosci.org as supplemental material). This result suggests that c-Abl could ultimately influence AMPA receptor clustering during synapse maturation.
An additional approach to establish the role of c-Abl kinase activity on PSD-95 clustering was to transfect neurons with the dominant-negative mutant of c-Abl [kinase-inactive form (GFPc-Abl-KD)]. First, we analyzed the distribution of this mutant version of c-Abl in neurons. As observed with GFP-c-Abl-WT, GFPc-Abl-KD shows a diffuse staining in the dendritic shaft and a clustered postsynaptic distribution, as it colocalizes with PSD-95 in close apposition to Syn staining (Fig. 3A) . This observation was supported by the Mander's overlap coefficient (R PSD-95 ϭ 0.6898 Ϯ 0.02 vs R Syn I ϭ 0.3822 Ϯ 0.03; p Ͻ 0.001) and Mander's colocalization coefficients for PSD-95 (M1 GFP-c-Abl-KD/PSD-95 ϭ 0.9472 Ϯ 0.02) and Syn I (M1 GFP-c-Abl-KD/Syn I ϭ 0.4750 Ϯ 0.05), which show a higher GFP-c-Abl-KD colocalization with PSD-95 rather than Syn I. Thus, the postsynaptic distribution of c-Abl is independent of kinase activity. To determine the role of c-Abl on PSD-95 synaptic clustering, we analyzed the number of PSD-95 puncta number per neurite length in transfected neurons (Fig.  3B) . GFP-c-Abl-KD transfection decreased PSD-95 cluster number compared with GFP as control (GFP, 1 Ϯ 0.03; GFP-cAbl-KD, 0.51 Ϯ 0.02; p Ͻ 0.001). In addition, there is a significant decrease in synaptic contact number positive for Syn I and PSD-95 (Fig. 3B ) in neurons transfected with GFP-c-Abl-KD compared with neurons transfected with GFP (GFP, 1 Ϯ 0.03; GFP-c-Abl-KD, 0.54 Ϯ 0.07; p Ͻ 0.01). This result supports a role for c-Abl activity in PSD-95 clustering in hippocampal neurons. To evaluate the synaptic distribution of PSD-95 in the absence of c-Abl, we analyzed PSD-95 clustering in hippocampal neurons obtained from c-Abl Ϫ/Ϫ mice (Koleske et al., 1998) . At 14 DIV, hippocampal neurons from knock-out mice (Fig. 3C) show significantly less clusters of PSD-95 per neurite length (wild type, 1 Ϯ 0.1; c-Abl Ϫ/Ϫ , 0.52 Ϯ 0.06; p Ͻ 0.01) and a reduction in cluster area (wild type, 1 Ϯ 0.06; c-Abl Ϫ/Ϫ , 0.67 Ϯ 0.07; p Ͻ 0.01) compared with neurons from wild-type animals. MAP2 staining was used as control of normal dendritic arborization. Altogether, these results demonstrate that c-Abl activity is required for PSD-95 clustering.
c-Abl interacts with PSD-95 and modulates PSD-95 tyrosine phosphorylation
Considering that c-Abl modulates PSD-95 clustering, it is possible that there is an interaction between both proteins. To assess this interaction in vitro, we performed a coimmunoprecipitation assay from cultured hippocampal neurons at 14 DIV. The immunoprecipitation with anti-c-Abl antibody followed by PSD-95 immunoblot showed that this postsynaptic scaffold protein forms part of a complex with c-Abl and NR1 (Fig. 4 A) . To evaluate whether c-Abl/PSD-95 interact in vivo, we first studied the expression of c-Abl in the developing hippocampus. We observed that this kinase is present at low levels at embryonic stage, then increases between postnatal day 2 (P2) and P5, and starts to decrease at P10 and maintains its low level until adult stages (Fig.  4 B) . Synaptic proteins vGLUT1 and synaptophysin increase from low levels at P2 to high levels in adult. N-cadherin was used as a loading control because it is known to be present at all ages (Petralia et al., 2005) . The pattern of expression of c-Abl indicates that this kinase is more highly expressed during the synaptogenic stages in vivo (Fiala et al., 1998) . In addition, c-Abl is enriched in synaptosomal and PSD fractions from adult rat brain (Fig. 4C) , validating the postsynaptic distribution of c-Abl in vivo. To evaluate c-Abl/PSD-95 interaction, we performed coimmunoprecipitation assays from total homogenate and synaptosomal 1 fraction obtained from adult rat brain. In total brain homogenate and synaptosomal fraction 1, c-Abl was coimmunoprecipitated with PSD-95 and vice versa (Fig. 4D) . Interestingly, PSD-95/c-Abl complex is enriched in the synaptosomal fraction. These results indicate that PSD-95 and c-Abl interact in hippocampal neurons in vitro and, more importantly, that this interaction also takes place in vivo.
Considering this interaction, we analyzed whether PSD-95 is phosphorylated on tyrosine residues by c-Abl. This phosphorylation was assessed in HEK293 cells cotransfected with PSD-95 plus GFP-c-Abl-WT or GFP-c-Abl-KD. PSD-95 immunoprecipitation followed by pTyr immunoblot showed that, in cells cotransfected with PSD-95 plus wild-type c-Abl, there is a strong increase in tyrosine phosphorylation immunoreactivity compared with cells transfected with PSD-95 alone (Fig. 5A ). This increase was not observed in cells cotransfected with PSD-95 plus GFP-c-Abl-KD in which PSD-95 tyrosine phosphorylation levels are maintained at control levels as shown by the densitometric analysis (Fig. 5A, graph) . In addition, in cells cotransfected with PSD-95 plus GFP-c-Abl-WT and incubated with STI571 for 24 h, we observed a dose-dependent effect of STI571 treatment on PSD-95 tyrosine phosphorylation (Fig. 5B) . Expression levels of PSD-95 and c-Abl in transfected HEK293 cells are shown in supplemental Figure 3 (available at www.jneurosci.org as supplemental material). These results suggest that PSD-95 can be phosphorylated on tyrosine residues by c-Abl.
Tyrosine phosphorylation of PSD-95 was also assessed in hippocampal neurons. Immunoprecipitation of PSD-95 and Western blot analysis with anti-pTyr revealed that, under control conditions, PSD-95 is phosphorylated on tyrosine residues (Fig. 5C ). Treatment with STI571 for 24 h decreased tyrosine phosphorylation of PSD-95 in a concentration-dependent manner, as determined by quantification of pTyr levels normalized to total PSD-95 levels in the immunoprecipitate (Fig. 5C, graph) . To assess whether there is a direct phosphorylation of PSD-95 by c-Abl, we performed an in vitro phosphorylation assay. Purified c-Abl kinase was incubated with GST-PSD-95 or GST-CrkII, used as a positive control, and [␥-P 32 ]ATP, and the transfer of radioactive phosphate was measured. As shown in Figure 5D , we observed a time-dependent increase in GST-PSD-95 phosphorylation by autoradiography and by absorption on p81 cel-lulose phosphate paper (graph). The phosphorylation of GST-PSD-95, as well as GST-CrkII, started as early as 5 min of incubation and increased significantly at 90 min. This increase is not observed when c-Abl is inactive (heat denatured or incubated with STI571). Altogether, these results indicate that GST-PSD-95 can be tyrosine phosphorylated by c-Abl.
c-Abl modulates phosphorylation of tyrosine 533 in PSD-95
The regulation of PSD-95 tyrosine phosphorylation by c-Abl activity suggests that this scaffold protein could be a synaptic target of c-Abl. We evaluated c-Abl consensus phosphorylation sites in PSD-95 with online resource NetPhos 2.0 (http://www.cbs.dtu. dk/services/NetPhos/). This prediction method revealed that PSD-95 contains two tyrosine residues as part of potential c-Abl consensus sequences YX 1-5 (P/F) (Cujec et al., 2002; Goss et al., 2006) : tyrosine 255 and tyrosine 533 (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material). We performed site-directed mutagenesis of both tyrosine residues to alanine in PSD-95 and evaluated tyrosine phosphorylation levels of PSD-95 in HEK293 cells cotransfected with GFP-c-Abl-WT or GFP-c-Abl-KD (Fig. 6A) . Similar levels of expression were observed in cells transfected with wild-type PSD-95 and the mutants PSD-95(Y255A) and PSD-95(Y533A) (supplemental Fig. 5 , available at www. jneurosci.org as supplemental material). As described above, cotransfection of PSD-95 plus GFP-c-Abl-WT induced an increase in tyrosine phosphorylation levels of PSD-95 that was not observed in cells cotransfected with GFP-c-Abl-KD (Fig.  6 A) . A similar effect was observed with the mutant PSD-95(Y255A), indicating that Y255 residue is not target of c-Abl kinase. In contrast, the mutant PSD-95(Y533A) contained significantly less phosphotyrosine than wild-type PSD-95 when cotransfected with GFP-c-Abl-WT (Fig. 6 A) , suggesting that Y533 residue is a target of phosphorylation by c-Abl.
To investigate the functional significance of PSD-95 Y533 phosphorylation, we transfected cultured hippocampal neurons with wild-type PSD-95 or PSD-95(Y533A) and analyzed the clustering of this protein at 14 DIV. The mutant PSD-95(Y533A) shows a significant reduction (22.98 Ϯ 3.76%; p Ͻ 0.001) in synaptic clustering compared with wild-type PSD-95 (Fig. 6B) , indicating that Y533 residue is relevant for the clustering of this scaffold protein. To assess whether phosphorylation of Y533 is the mechanism involved in the regulatory effect of c-Abl on PSD-95 clustering, hippocampal neurons transfected with wild-type PSD-95 or PSD-95(Y533A) were subjected to treatment with 1 M STI571 for 24 h. No additional decrease in PSD-95(Y533) clustering was observed by STI571 treatment. Moreover, the decrease observed in the number of clusters of wild-type PSD-95 by STI571 treatment was similar to the decrease observed in neurons transfected with PSD-95(Y533) without treatment. These results indicate that the regulation of PSD-95 clustering by c-Abl is mediated by Y533 phosphorylation.
Discussion
Previously, c-Abl localization had been described in synaptic compartments in adult brain hippocampus , and it has been postulated that c-Abl could be important in synaptic structure and function and in pathogenesis Cancino et al., 2008) . Here, we report for the first time a role for c-Abl on the regulation of PSD-95 clustering in hippocampal neurons. We observed that c-Abl modulates tyrosine phosphorylation of PSD-95, particularly on Y533 residue, and this phosphorylation modulates synaptic clustering of PSD-95.
Treatment with the c-Abl inhibitor STI571 decreased PSD-95 cluster density and area, indicating that c-Abl modulates the synaptic accumulation of this scaffold protein. This treatment did not affect presynaptic protein clustering, suggesting a restricted role of c-Abl in the postsynaptic site. In agreement, localization analysis of c-Abl on 14 DIV neurons revealed that this kinase is mainly located at the postsynaptic region, in which it colocalizes with PSD-95. However, we cannot discard a presynaptic effect because there is a close interaction between the presynaptic and postsynaptic regions; thus, alterations in the organization the postsynaptic region could induce a subsequent modification on the presynaptic terminal. Interestingly, in adult mice, c-Abl has an important role in modulation of synaptic efficacy via a presynaptic mechanism during repetitive stimulation .
As observed with STI571 treatment, transfection with the dominant-negative form of c-Abl decreased the number of PSD-95 clusters in hippocampal neurons, and, more importantly, hippocampal neurons from c-Abl Ϫ/Ϫ mice show significantly less PSD-95 clusters than wild-type animals. In these experiments, PSD-95 clustering was evaluated in neurons at 14 DIV. At this culture stage, an increase in the expression and synaptic clustering of the postsynaptic scaffold proteins PSD-95, SHANK, and guanylate kinase domain-associated protein (GKAP) has been described (Rao et al., 1998; Petralia et al., 2005; Gerrow et al., 2006) , suggesting that c-Abl could be important in the maturation of postsynaptic structure during CNS development. We observed that c-Abl activity inhibition did not affect the clustering of the scaffold protein SHANK or the number of dendritic spines, suggesting a specific effect of c-Abl on PSD-95 regulation and not in the general structure of the postsynaptic compartment. We determined that c-Abl levels increase in the early postnatal stage in rat hippocampus. Consistent with previous reports (Courtney et al., 2000; Moresco et al., 2005) , we found that c-Abl has a peak expression at P2-P5 and then decreases steadily until adult stages when it exhibits low levels of expression. Thus, c-Abl could modulate synaptic clustering of PSD-95 mainly during early developmental stages.
It has been determined that serine/threonine kinases modulates PSD-95 functions (Yoshimura et found that Src family kinases regulate tyrosine phosphorylation of PSD-95 on a tyrosine important for glutamate or NMDAmediated current (Du et al., 2009) . Thus, tyrosine phosphorylation could be a posttranslational mechanism important for the regulation of the functions of this scaffold protein. Herein, we determined that (1) Although our results strongly support a postsynaptic role of c-Abl, morphological and synaptic abnormalities have not been detected in adult c-Abl Ϫ/Ϫ mutant mouse brain (Koleske et al., 1998; . It has been suggested that c-Abl has overlapping roles with another member of Abl family kinase, Arg (Abl related-gene). Arg and c-Abl kinases have different expression patterns during development, with Arg being more highly expressed in adult brain (Hernández et al., 2004; Moresco et al., 2005) . Therefore, it is possible that Arg could compensate for c-Abl functions in c-Abl Ϫ/Ϫ mice; in that case, Arg kinase could modulate PSD-95 clustering in c-Abl Ϫ/Ϫ mice. It would be informative to evaluate PSD-95 clustering in the absence of both kinases, although the double mutant c-Abl Ϫ/Ϫ Arg Ϫ/Ϫ mice present alterations on morphogenesis of neuroepithelial cells during neurulation and die at embryonic day 10.5 (Koleske et al., 1998) .
Our experiments show that there is an interaction of c-Abl and PSD-95 and that PSD-95 is phosphorylated at Y533 in a c-Abl-dependent manner, because PSD-95 mutant PSD-95(Y533A) is less phosphorylated than wild-type PSD-95 or the mutant PSD-95(Y255A) in the presence of wildtype c-Abl. Therefore, these c-Abl modules are good candidates to mediate its association with PSD-95. Sequence analysis revealed two putative conserved residues (Y63 and Y523) that could be recognized by c-Abl-Src homology 2 (SH2) domain (supplemental Fig. 6 , available at www.jneurosci. org as supplemental material). Interestingly, it has been described that Y523 in PSD-95 is phosphorylated by Src/Fyn kinase (Du et al., 2009) , and this phosphorylated tyrosine could be recognized by c-Abl-SH2 domain, therefore promoting Y533 phosphorylation by c-Abl. If that is the case, both tyrosine kinases could collectively modulate PSD-95 phosphorylation. This could explain why our mutation at Y533 did not completely abolish PSD-95 tyrosine phosphorylation.
Structurally, PSD-95 has a multidomain structure consisting of protein-protein interaction modules: three N-terminal PDZ (PSD-95/Discs large/zona occludens-1) domains, one SH3 domain, and one C-terminal guanylate kinase homology (GK) domain (Cho et al., 1992; Kim et al., 1995; Kornau et al., 1995) . Considering the proximity of Y533 to the GK domain of PSD-95 [residues 534-713 (Tavares et al., 2001) ], it is possible that the phosphorylation at Y533 could be relevant for the functions associated with this domain. For instance, the GK domain interacts with GKAP (Kim et al., 1997; Takeuchi et al., 1997) and AKAP79/150 [A kinase (PRKA) anchor protein 79/150] (Colledge et al., 2000) and indirectly recruits the scaffold protein SHANK to the PSD (Naisbitt et al., 1999) . This domain is also involved in spine growth (Steiner et al., 2008) and forms a complex with SPAR (surfactant protein A binding protein), a RapGAP modulating spine morphology through reorganization of the actin cytoskeleton (Pak et al., 2001 ). Thus, it is possible that phosphorylation of PSD-95 at Y533 affects the association of the GK domain with some of these proteins and, as a result, modulates PSD-95 clustering and therefore the postsynaptic structure. PSD-95 assumes a synaptic localization early during network formation (Rao et al., 1998; Scheiffele et al., 2000; Gerrow et al., 2006) , and it has been suggested that it plays important roles in synapse formation (Bresler et al., 2001) . In this study, we show evidence that c-Abl activity is necessary for the synaptic accumulation of PSD-95, but the mechanism involved in the clustering of PSD-95 mediated by c-Abl phosphorylation remains unclear. It has been observed that de novo PSD-95 clusters can form by recruitment from a diffuse pool of PSD-95 into the synapse with no obvious involvement of discernible transport particles (Bresler et al., 2001) . In contrast, it has been reported that the splitting of PSD-95 clusters can occur in neuronal cultures (Gerrow et al., 2006) . Future experiments will aim to elucidate how Y533 phosphorylation modulates the synaptic clustering of PSD-95 and to determine whether it involves the recruitment of PSD-95 from a diffusible pool or the splitting of previously formed clusters. Finally, does c-Abl modulate glutamate receptor clustering and function through its effect on PSD-95? It is known that PSD-95 is a binding partner of the NR2 subunit of NMDA receptors and seems to regulate NMDA receptor activity and signaling rather than its clustering at the synapse (Kornau et al., 1995) . In contrast, a role for PSD-95 in regulating AMPA receptor insertion and retention at the synapse has been widely documented. Overexpression of PSD-95 was shown to enhance AMPA receptor recruitment and excitatory synaptic responses without affecting NMDA receptor clustering in developing hippocampal neurons (El-Husseini et al., 2000a) . The effects of PSD-95 on AMPA receptor clustering is modulated through association with stargazin and related family members (Chen et al., 2000; Schnell et al., 2002; Dakoji et al., 2003) . Other studies have also shown that PSD-95 levels influences AMPA receptor retention and activity at the synapse (Ehrlich and Malinow, 2004; Schlüter et al., 2006) , and mice lacking PSD-95 show reduced AMPA receptor function (Migaud et al., 1998; Béïque et al., 2006; Ehrlich et al., 2007) . As expected from this evidence and the role suggested for c-Abl in the present work, a significant reduction in GluR1 cluster density was observed in neurons treated with STI571, suggesting that c-Abl could indirectly modulate AMPA receptor through the clustering of PSD-95. Additional experiments are necessary to corroborate this hypothesis.
In summary, our results show that c-Abl kinase modulates PSD-95 phosphorylation and clustering, supporting a synaptogenic role for this kinase. In addition, our data show for the first time that PSD-95 clustering is modulated by tyrosine phosphorylation, providing an additional regulatory mechanism for this key component of the PSD.
